Purpose: Bardoxolone methyl, a novel synthetic triterpenoid and antioxidant inflammation modulator, potently induces Nrf2 and inhibits NF-kB and Janus-activated kinase/STAT signaling. This firstin-human phase I clinical trial aimed to determine the dose-limiting toxicities (DLT), maximum tolerated dose (MTD), and appropriate dose for phase II studies; characterize pharmacokinetic and pharmacodynamic parameters; and assess antitumor activity.
Introduction
Bardoxolone methyl (RTA 402; CDDO-Me) is a novel synthetic triterpenoid and antioxidant inflammation modulator that potently activates Nrf2, a transcription factor that controls the expression of a large number of antioxidant and detoxification enzymes (1) . Activation of Nrf2 reduces intracellular levels of reactive oxygen species (ROS) and attenuates inflammation (2) (3) (4) . In cancer cell lines and clinical specimens, bardoxolone methyl inhibits constitutive and cytokine-induced activation of NF-kB and Janus-activated kinase (JAK)/STAT signaling (5) (6) (7) (8) (9) (10) . These effects are mediated in part by direct inhibition of upstream regulatory proteins, such as IKKb and JAK1 (8, 10) .
Bardoxolone methyl has been shown to induce differentiation, inhibit proliferation, and induce apoptosis in cancer cell lines (11) (12) (13) . Potent single-agent activity has been observed in several animal models of cancer with significant inhibitory effects on tumor growth (1, 2, 14, 15) , metastasis (1) , angiogenesis (16) , and tumor-associated myeloid- In preclinical toxicology studies carried out in non-human primates, bardoxolone methyl was found to be orally bioavailable and well tolerated (C. Meyer; unpublished data).
We report here the first-in-human phase I clinical trial of the crystalline formulation of bardoxolone methyl in patients with advanced solid tumors and lymphoma. The objectives of the study were to determine the dose-limiting toxicities (DLT), maximum tolerated dose (MTD), and appropriate dose for phase II studies; characterize the pharmacokinetic and pharmacodynamic parameters; and assess antitumor activity.
Patients and Methods

Patient selection
This study was to be restricted to adult patients (!18 years) with a histologically confirmed advanced solid tumor or lymphoid malignancy refractory to standard therapy. Eligibility criteria included the following: Eastern Cooperative Group (ECOG) performance status of 2 or less; life expectancy of 12 weeks or more; absolute neutrophils of 1,500/mL or more; platelets of 100,000/mL or more, hemoglobin of 8.0 g/dL or more; total bilirubin of 1.5 mg/ dL or less, aspartate aminotransferase and alanine aminotransferase of 2.5 or less times the institutional upper limit of normal ( 5 times for hepatic involvement), serum creatinine of 2.0 mg/dL or less or creatinine clearance of more than 60 mL/min; discontinuation of all prior antineoplastic therapies for 4 weeks or more; and no residual side effects of prior therapies. Patients were required to practice effective contraception. Measurable disease was not required, and there was no limit to the number of prior treatment regimens. Exclusion criteria included active brain metastases or primary central nervous system malignancies (stable brain metastases were eligible), pregnancy or breast feeding, a clinically significant illness or psychiatric condition, and concurrent use of any other investigational drugs.
The protocol was reviewed and approved by the Scientific Review and Human Protection Committees at each participating institution. A signed written informed consent document was obtained. Screening evaluations conducted within 1 month before beginning treatment included an electrocardiogram, chest X-ray, radiographic tumor measurement, biochemical tumor markers, an optional tumor core biopsy, and bone marrow biopsy/aspiration for lymphoid patients. In addition, a medical history; physical examination; pregnancy test (if applicable); performance status, complete blood count with platelet and differential counts, hemoglobin, hematocrit, and coagulation panel; a comprehensive serum chemistry profile; and urinalysis were carried out within 14 days of dosing.
Treatment plan
Bardoxolone methyl was supplied by Reata Pharmaceuticals, Inc. as gelatin capsules containing 5, 50, or 100 mg in a micronized crystalline preparation. The drug was administered orally once daily for 21 consecutive days of a 28-day cycle for up to 12 cycles. Patients ingested the capsules in the morning with a glass of water before any food intake. The amount of water taken with the capsules was not recorded. Antiemetics were not used on a preventative basis unless a patient began to experience grade 1 or more nausea or vomiting. Treatment with a subsequent cycle could be delayed for recovery from toxicity for up to 15 days after completing the prior cycle. Treatment was discontinued on the occurrence of a DLT, failure to adequately recover from toxicity within 15 days after completing a cycle of therapy, or tumor progression.
Toxicity evaluation
Hematology tests, serum chemistry profiles, and urinalyses were obtained at baseline (within 72 hours prior to beginning treatment), weekly during cycle 1, and biweekly thereafter. Physical examinations were carried out every 2 weeks, and a urinalysis was repeated before every cycle of therapy.
Adverse events (AE) were evaluated weekly in cycle 1, then every other week during subsequent cycles, and graded according to the Common Toxicity Criteria version 3.0 (http://ctep.info.nih.gov). DLT was defined as any of the following AEs attributable to the study drug that occurred during the first cycle of treatment: grade 3 or more nonhematologic toxicity, excluding alopecia and diarrhea, nausea/vomiting in the absence of optimal prophylactic/supporting treatment; grade 4 thrombocytopenia or (any grade) requiring transfusion; anemia lasting more than 7
Translational Relevance
Bardoxolone methyl (RTA 402; CDDO-Me) is a novel synthetic triterpenoid and antioxidant inflammation modulator. Bardoxolone methyl potently induces Nrf2, reducing oxidative stress, and inhibits constitutive and cytokine-induced activation of NF-kB and Janus-activated kinase/STAT signaling, thereby suppressing inflammation. This first-in-human phase I trial aimed to determine the dose-limiting toxicities and maximum tolerated dose, characterize the pharmacokinetics and pharmacodynamics, and assess antitumor activity of bardoxolone methyl. Bardoxolone methyl was found to be well tolerated, and objective tumor activity was observed in patients with mantle cell lymphoma (complete response) and anaplastic thyroid carcinoma (partial response). NQO1 mRNA levels, indicative of Nrf2 activation, were increased in peripheral blood mononuclear cells, and NF-kB and cyclin D1 levels were decreased in tumor biopsy samples. These data show that bardoxolone methyl modulates antioxidant and anti-inflammatory targets and exhibits anticancer activity in patients. In addition, an interesting effect on renal function was incidentally observed as estimated glomerular filtration rate was noted to improve. This observation has led to development of bardoxolone methyl in patients with Stage 4 chronic kidney disease. days; febrile neutropenia (grade 3 or 4); grade 4 neutropenia lasting more than 7 days.
Study design
The starting dose was 5 mg/d, which was one-tenth the dose that caused severe toxicity in rats. The dose was escalated between cohorts with an accelerated titration design. Decisions to escalate the dose to the next higher level were made no earlier than 7 days after each of the predetermined number of patients (initially a single patient) enrolled at a given dose level had received all 21 days of treatment. The dose was doubled (100%) between cohorts in single-patient cohorts until the first occurrence of grade of 2 or more drug-related toxicity. At this point, the cohort size was expanded to 3 or 4 patients and the dose escalation was reduced to 50% between cohorts. At the first occurrence of a grade 3 toxicity not classified as DLT, dose escalation between cohorts was decreased to 33%. The first occurrence of a DLT resulted in expanding the current cohort to 6 patients. Dose escalation at an increment of 25% proceeded if no more than 1 patient in a group of 6 patients evaluated at a given dose level experienced a DLT. Dose escalation was terminated when DLT occurred in 2 or more patients at a given dose level. The MTD was defined as the dose at which no more than one of 6 patients experienced a DLT during cycle 1. Once the MTD was defined, the cohort was expanded to 25 patients at that dose to further define the toxicity and response profiles.
Evaluation of response
Evaluation of malignant disease that was initially measured by physical examination, diagnostic imaging, biochemical markers, or bone marrow studies, as appropriate for the tumor type, was repeated every 2 cycles and 4 weeks after a tumor response for confirmation. Response and disease progression were defined by Response Evaluation Criteria in Solid Tumors 1.0 (RECIST) guidelines for solid tumors (18) and International Workshop Criteria for nonHodgkins lymphoma (19) .
Pharmacokinetic studies
Blood specimens (7 mL) were drawn from an arm vein into tubes containing sodium heparin before dosing and at 0.25, 0.50, 1.0, 2.0, 4.0, 6.0, 8.0, and 24 hours after taking the first and last doses during cycle 1. An additional sample was collected 48 hours after the final dose. Plasma was promptly harvested by centrifugation (1,300 g, 4 o C, 10 minutes) and stored at À70 C or less until assayed. The concentration of bardoxolone methyl in plasma was determined by liquid chromatography/mass spectrometry. The ethyl ester analogue of bardoxolone methyl was used as the internal standard (IS) for the assay. Study samples were thawed in a refrigerator and vortexed. Plasma (100 mL) was spiked with IS working solution (5 mL, 0.40 mg/mL in methanol) and extracted with methyl tert-butyl ether (3.5 mL). After centrifuging the mixture (3,000 rpm, 5 minutes), the organic phase was evaporated under nitrogen and the extract reconstituted with 150 mL of methanol/water (3:1, v/v). This solution (100 mL) was loaded onto a Phenomenex Luna 5 mm C8 (2) analytical column (15 cm Â 4.6 mm) using an autosampler. Gradient elution chromatography was carried out at 30 C with a binary mobile phase composed of acetonitrile and 25 mmol/L ammonium formate buffer, pH 3.75 delivered at 1.0 mL/min. The amount of acetonitrile was increased from 80% at the beginning of the run to 95% over 8 minutes, held at 95% for 3 minutes, then decreased to 80% for 3 minutes before the next injection. An Agilent Technologies (Palo Alto) single-quadrupole SL model MSD with an atmospheric pressure ionization-electrospray interface was used for detection. Nitrogen was used as the nebulizing gas (50 p.s.i.) and drying gas (12 L/min, 350 C). With a transfer capillary potential of 5,000 V, positive ions corresponding to the [MþH] þ ions for bardoxolone methyl at m/z 506.3 and the IS at m/z 520.3 were measured by selected ion monitoring (fragmentor potential, 175 V; dwell time, 114 milliseconds). Extracted ion chromatograms were integrated to provide peak areas. Each study sample was assayed in duplicate, on different days, together with a set of 9 calibration standards containing bardoxolone methyl in plasma at concentrations ranging from 0.5 to 100 ng/mL, drug-free plasma prepared for analysis with and without IS, and quality control samples of bardoxolone methyl in plasma (1.5, 15, and 90 ng/mL). The relationship between the bardoxolone methyl/IS peak area ratio and known drug concentration in the calibration standards was analyzed by weighted linear regression. The slope and y-intercept of the best fit line was used to calculate the drug concentration in study samples. Specimens with concentrations of more than 100 ng/mL were reassayed upon dilution with blank plasma. The average of the 2 determinations of each study sample was calculated. Samples were reassayed in cases in which the individual determinations differed from their average by more than 10%.
The analytic method was validated to document specificity, recovery, accuracy and precision within and between days, and drug stability in the final sample solution and in human plasma upon long-term storage and after multiple freeze-thaw cycles as recommended (20) . Retention times (mean AE SD) were 5.09 AE 0.03 minutes for bardoxolone methyl and 5.91 AE 0.31 minutes for the IS. Peaks that interfered with either compound were not evident in chromatograms of blank plasma from several anonymous donors and plasma obtained shortly before dosing from subjects enrolled in this clinical trial. Calibration curves exhibited excellent linearity with correlation coefficients more than 0.99. During application of the assay to samples from this clinical trial, the lowest drug concentration in the calibration curves (0.5 ng/mL) was assayed with a betweenday accuracy of 93.3% and 13.7% precision. Quality control samples were assayed with a between-day accuracy of 99.4% to 105.6% and a precision of 7.1% to 8.3%.
Individual patient plasma concentration-time data for each dose of bardoxolone methyl were analyzed by standard noncompartmental methods with WinNonlin Professional version 5.0.1 software (Pharsight Corp.). The maximum concentration of drug in plasma (C max ) was based directly upon the actual assayed values of the study samples. The slope of the terminal disposition phase (l z ) for the day 21 dose was determined by logarithmic linear regression and used to calculate the terminal phase half-life (t 1/2,z ) as 0.693/l z . Area under the plasma concentration-time curve from time zero to 24 hours after dosing (AUC t ) was estimated with the logarithmic linear trapezoidal algorithm. Apparent oral clearance (CL/F) was calculated as the daily dose divided by AUC t for the day 21 dose, under the assumption that steady-state conditions had been achieved for the administration schedule. The accumulation factor for repeated dosing (X) was calculated by dividing AUC t for the day 21 dose by that for the first dose. Pharmacokinetic parameters are reported as the geometric mean AE SD of values for individual patients at each dose level (21) .
Real-time PCR for analysis of Nrf2 activation
Activation of Nrf2 was assessed in peripheral blood mononuclear cells (PBMC) by measuring NAD(P)H:quinone oxidoreductase (NQO1) mRNA levels using real-time quantitative PCR (qPCR). PBMCs were isolated from blood, and RNA was extracted with RNeasy with on-column DNase digestion (QIAGEN). cDNA was synthesized with the HighCapacity cDNA Archive Kit (Applied Biosystems). TaqMan Gene Expression Assays (Applied Biosystems) were used to detect NQO1 (Hs00168547_m1) and the control gene, ABL1 (Hs00245445_m1). PCR amplification was carried out with using the ABI Prism 7500 Sequence Detection System (Applied Biosystems) and standard cycling conditions. The amount of NQO1 transcript was normalized to corresponding ABL1 levels.
Tumor biopsies
Optional core biopsies (18 gauge needles) were carried out in consenting patients at baseline (within 28 days before treatment start) and at the end of the treatment period of cycle 1. Formalin-fixed, paraffin-embedded tissue was sectioned (5 mm) and used for immunohistochemical assessment of NF-kB, STAT3, pSTAT3, cyclin D1, p21, active caspase-3, VEGF, and HIF1-a protein levels. Primary mouse monoclonal antibodies against NF-kB p65, STAT3, p-STAT3, and VEGF were obtained from Santa Cruz Biotechnology. Primary mouse monoclonal antibodies against CD68 and p21 were obtained from Dako North America. Primary mouse monoclonal antibodies against active caspase-3 and HIF-1a were obtained from BD Biosciences. Cyclin D1 mouse monoclonal antibodies were obtained from Thermo Fisher Scientific. Positive reactions were visualized by incubating the slides with diaminobenzidine/ hydrogen peroxide (DAKO) as a substrate. Nonspecific staining was not observed in samples incubated with secondary antibody alone. DNA fragmentation was monitored by in situ terminal deoxynucleotidyl transferase-dUTP nick end labeling (TUNEL) assay (Boehringer-Mannheim). To assess protein levels or DNA fragmentation, positive and negative cells were counted in 10 random high power fields (hpf; Â 400) and averaged. The level of these proteins was assessed in tumor cells only, which were defined as CD68-negative cells. All staining experiments were carried out in duplicate.
Results
Patient characteristics
Forty-seven patients were enrolled across 3 study centers in the United States between April 2006 and March 2008. Demographics and clinical characteristics at study entry are summarized in Table 1 . The most common cancer types were melanoma (16 patients, 34%), colorectal (8 patients, 17%), renal cell (5 patients, 11%), anaplastic thyroid (4 patients, 9%), and non-Hodgkin's lymphoma (3 patients, 6%). The median number of prior therapies was 3 (range ¼ 0-7).
Safety
All 47 patients received at least 1 dose of bardoxolone methyl and were evaluated for safety. Eighty-one percent of patients (n ¼ 38) experienced at least 1 AE that was considered at least possibly related to study drug. Of these patients, 31 (82%) experienced grade 2 or less, and 7 (18%) experienced grade 3, toxicities. There were no grade 4 toxicities attributed to treatment with bardoxolone methyl. The most common drug-related AEs were fatigue (n ¼ 19; 40%); nausea (n ¼ 16; 34%), and anorexia (n ¼ 14; 30%; Table 2 ).
Starting at 5 mg/d, dose escalation by accelerated titration at increments of approximately 100% of the previous dose (as formulation would allow) continued for 8 dose levels to 600 mg/d. Although there was no evidence of DLT in the 5 patients treated at 600 mg/d, the next dose level was increased by 50% to 900 mg/d in consideration of the magnitude of the dose and concern that the true MTD could be underestimated. Three patients were enrolled at 900 mg/d without any DLTs. The first occurrence of a DLT (grade 3 ALT elevation) was observed at the 1,300 mg/d dose level. Accordingly, the cohort was expanded to 6 evaluable patients. Nine patients were enrolled at the 1,300 mg/d dose level; however, 3 patients terminated the study prematurely due to disease progression and were deemed nonevaluable for DLT assessment. Two of the 6 evaluable patients treated at 1,300 mg/d experienced grade 3 ALT elevation. The first patient experienced the DLT on day 8 of cycle 1 and spontaneously resolved after discontinuing treatment. The patient restarted treatment at the 900 mg/d dose level during the next cycle and remained on study without recurrence of grade 3 ALT elevation through the end of cycle 8. Following the occurrence of ALT elevation in the second patient (day 8), the dose was reduced to 900 mg/d. There were no other indicators of hepatotoxicity in either patient. Accordingly, the 900 mg/d dose level cohort 
Pharmacokinetics
Mean plasma concentration-time profiles of bardoxolone methyl for patients treated with the first (n ¼ 23) and last (n ¼ 19) daily dose of 900 mg during cycle 1 are shown in Fig. 1A . The median time of the observed maximum concentration of drug in plasma was 4 hours for both the initial dose (range, 1-24 hours) and the dose given on day 21 (range, 0.25-24 hours). Thereafter, bardoxolone methyl plasma levels decreased very slowly, with an apparent t 1/2,z of 39 AE 20 hours in patients treated with 900 mg/d. It should be recognized that the decline in drug levels may not have been monitored for a sufficiently long period following administration of the final dose to provide an accurate estimate of the t 1/2,z . Nevertheless, the drug remained in plasma at significant concentrations for more than 24 hours after dosing, and the mean accumulation factor for dosing once daily was 1.6 AE 0.9. Mean steady-state minimum and maximum concentrations of bardoxolone methyl in plasma provided by daily administration of a 900 mg dose were 8.8 AE 4.3 ng/mL and 24.7 AE 13.3 ng/mL, with a peak-to-trough ratio of only 2.8 AE 1. 6 .
Mean values of the steady-state pharmacokinetic parameters for the cohorts evaluated at each dose level are presented in Table 3 . Plots of the C max , the concentration of drug in plasma 24 hours after dosing, and AUC t as a function of dose all exhibited less than proportionate increases for both the initial and final doses of bardoxolone methyl, suggestive of saturable drug absorption (not shown). The existence of a highly significant correlation (r ¼ 0.69, P < 0.01) between CL/F and dose was also consistent with saturable absorption (Fig. 1B) . This is further supported by the absence of a significant correlation (r ¼ 0.03, P ¼ 0.86) between the t 1/2,z and dose (Fig. 1C) , which suggests that the dose-dependent pharmacokinetic behavior is not attributable to an effect associated with changes in drug elimination. Interpatient variability in the mean pharmacokinetic parameters ranged from 64% to 77% for the first dose and 39% to 54% for the last dose among patients at the 900 mg dose level.
Tumor biopsies and immunohistochemistry analysis
Optional paired biopsies were collected from 5 patients ( Fig. 2A and B) . Two patients at the 1,300 mg and 1 patient each at the 40, 300, and 900 mg dose levels underwent biopsies predose and on day 22. Neoplastic cells from all 5 samples showed a decrease in NF-kB (19.4% AE 4.8% positive cells vs. 10.0% AE 2% positive cells; P ¼ 0.038) and cyclin D1 levels (18.8% AE 4.5% positive cells vs. 5.8% AE 1.6% positive cells; P ¼ 0.015) on day 22 relative to baseline. A marked increase in DNA fragmentation as assessed by the TUNEL assay (17.2% AE 4.8% positive cells vs. 33.4% AE 5.8% positive cells; P ¼ 0.025) was also observed on day 22 relative to baseline. Statistically significant differences in levels of STAT3, p-STAT3, p21, active caspase-3, VEGF, and HIF1-a were not observed in these samples. 
Assessment of Nrf2 activation
To assess pharmacologic activation of Nrf2 by bardoxolone methyl, mRNA levels of NQO1, a transcriptional target of Nrf2, were measured by qPCR in PBMCs obtained from 14 patients enrolled at 9 different dose levels. Samples were obtained at baseline, day 2 (before dosing) and day 22. Significant increases in mean relative NQO1 mRNA levels were observed on day 2 (5.22 AE 0.11 vs. 1.97 AE 0.07; P ¼ 0.0001) and day 22 (10.99 AE 0.22 vs. 1.97 AE 0.07; P < 0.0001; Fig. 2C ).
Efficacy
Efficacy was assessed at the end of every 2 cycles of treatment. Two patients withdrew consent, and one patient was removed from the study due to an unrelated AE before receiving posttreatment evaluation. Fourteen of the remaining 44 patients terminated the study before the first assessment (end of cycle 2) due to clinical disease progression. Tumor measurements were obtained at study termination for 8 of these patients; posttreatment tumor measurements were not obtained for the other 6 patients. The remaining 30 patients completed at least 2 cycles of treatment, and both pre-and posttreatment tumor measurements were obtained.
Best overall responses (n ¼ 44) are shown in Fig. 3A . One patient with mantle cell lymphoma who had failed autologous peripheral stem cell transplant was treated with 900 mg/d during cycle 1 and 600 mg/d secondary to elevated transaminases for the remaining cycles and achieved a complete response following cycle 4. This patient received a total of 7 cycles of therapy and was then removed from the study in preparation for stem cell transplantation. A second patient with an anaplastic thyroid carcinoma achieved a durable partial response (À69%) lasting 18 months before progressing (Fig. 3B) . In addition, 10 patients (5 melanoma, 2 renal cell carcinoma, and 1 each thyroid, colorectal, and lymphoma) experienced disease stabilization for 4 to 10 months.
Improvement in estimated glomerular filtration rate
One interesting observation, revealed in a retrospective analysis, was the improvement of patients' estimated glomerular filtration rate (eGFR), while on study (Supplementary Table S1 ). There was an overall 26% increase of eGFR for all patients (P < 0.0001). At 900 mg/d, the dose at which the greatest number of patients were treated (n ¼ 20), there was a statistically significant increase in eGFR (33.9% AE 4.2%; P < 0.0001) on day 21 compared with baseline. Patients with baseline eGFR values of less than 60 mL/ min/1.73 m 2 showed a greater improvement in eGFR than patients with baseline eGFR values of 60 mL/min/1.73 m 2 or more (35.6% AE 6.8% vs. 22.9% AE 3.5%). This trend did not reach statistical significance (P ¼ 0.08) due to the small number of patients (N ¼ 10) with baseline eGFR values less than 60 mL/min/1.73 m 2 . The increase in eGFR was sustained in patients (N ¼ 9) that were treated with bardoxolone methyl for at least 6 months ( Supplementary Fig. S1 ).
Discussion
This first-in-human study of bardoxolone methyl, a novel synthetic triterpenoid, showed that this agent had minimal toxicity and evidence of antitumor activity. DLT was confined to patients receiving 1,300 mg/d and consisted of grade 3 serum transaminase (specifically ALT) elevations. The increase in transaminase levels was transient and not associated with increases in other indicators of hepatotoxicity, such as bilirubin or alkaline phosphatase. Seven and 9 patients experienced drug-related grade of 2 or less elevations in ALT and AST, respectively. Similar increases in transaminases were observed in preclinical toxicology studies in cynomolgus monkeys treated with bardoxolone Table 3 . Steady-state pharmacokinetic parameters of bardoxolone methyl Abbreviations: C min , concentration in plasma at time zero before dosing; t max , time of the maximum concentration in plasma; C max , maximum concentration in plasma; t 1/2,z , apparent terminal phase half-life; AUC t , area under the plasma concentration-time curve from time zero to 24 hours after dosing; CL/F, apparent oral clearance; X, accumulation factor for repeated dosing. clincancerres.aacrjournals.org Downloaded from methyl for 12 months and were not associated with adverse liver histopathology (C. Meyer; unpublished data). Genetic activation of Nrf2 in animal models results in increased serum ALT activity (22) . Conversely, animals lacking the Nrf2 gene have lower basal levels of serum ALT and AST activity (23) . Recently, Nrf2 has been shown to bind to the promoter of ALT2, suggesting that the increased transaminase levels observed in patients treated with bardoxolone methyl may be due to transcriptional regulation of these enzymes by Nrf2 (22) (23) (24) . There was an overall lack of toxicity attributable to bardoxolone methyl at the MTD and lower doses. The nausea and anorexia experienced by some may have been related to the number of capsules that had to be taken for each daily dose. A new formulation of the drug has since been developed and is currently being tested in clinical trials.
The pharmacokinetic behavior of the tested formulation of bardoxolone methyl is characterized by slow absorption after oral administration, a relatively long terminal phase half-life, nonlinearity at high doses, and high interpatient variability. The maximum concentration of the drug in plasma is not achieved until 4 hours after dosing, on average, although the time varied greatly (from 15 minutes to 24 hours) in different patients. Once daily repeated dosing schedule is appropriate for future studies in consideration of the 39-hour mean biological half-life of bardoxolone methyl. The mean peak-totrough ratio for the concentration of drug in plasma during steady state was only 2.8, indicating that the once daily dosing regimen effectively maintains plasma levels of the drug within a relatively narrow range in individual patients. The apparent oral clearance of bardoxolone methyl was significantly correlated with the daily dose, whereas the terminal phase half-life was independent of the dose, strongly suggestive of an inverse relationship between the extent of absorption and dose. This finding prompted efforts to improve the oral dosage form of the drug with the objective of increasing the rate and extent of absorption, which would hopefully minimize the dosedependent behavior as well.
Concentrations of the drug achieved in the group of patients receiving bardoxolone methyl at 900 mg/d, the recommended dose for phase II oncology clinical trials, were within the range required to elicit in vitro antiproliferative and antiangiogenic activity. In these patients, the maximum concentration of bardoxolone methyl in plasma Figure 2 . Pharmacodynamics of bardoxolone methyl. A, levels of NF-kB, cyclin D1, and TUNEL activity were monitored by immunohistochemistry in core biopsies from consenting patients. The average number of positively staining tumor cells per hpf at baseline and after 1 cycle of treatment is shown for 5 patients. The dose of bardoxolone methyl each patient received is indicated. B, representative images of NF-kB and cyclin D1 staining in tumor biopsies from 3 patients. C, NQO1 transcript levels were monitored using qPCR in PBMCs isolated from patients at baseline (BL), day 2 (D2), and day 22 (D22). P-values were determined using the Student's t-test and indicate statistical significance relative to baseline (BL).
during steady state was 20 to 133 nmol/L and the corresponding minimum concentration was 8 to 40 nmol/L. Effective concentrations of the drug required to inhibit the growth of the more sensitive types of human cancer cell lines ranged from 5 to 500 nmol/L (12, 13) . Bardoxolone methyl inhibits the growth of endothelial cells in monolayer cultures and suppresses neovascular morphogenesis in 3-dimensional cultures at concentrations ranging from 50 to 200 nmol/L. Evidence of antiangiogenic activity was also shown when given to mice at doses as low as 3 mg/kg. In addition, bardoxolone methyl at concentrations of 25 to 100 nmol/L in vitro also abrogates the immunosuppressive effect of MDSCs, one of the major factors responsible for immune suppression in cancer (17) .
Objective tumor responses were observed in 2 patients. The first was a complete clinical response in a mantle cell lymphoma patient. Mantle cell lymphoma is characterized by a chromosomal translocation that leads to upregulation of cyclin D1, resulting in dysregulation of the cell cycle (25) . Bardoxolone methyl has been shown to inhibit NF-kB and JAK/STAT signaling and to reduce cyclin D1 levels (5, 9) . Furthermore, in this study, significant downregulation of these pathways was observed in several tumor biopsies following treatment, showing that these pathways are also targeted in human tumors ( Fig. 2A and B) . Cyclin D1 levels could not be measured in the mantle cell lymphoma patient, as a biopsy was not obtained. The second objective response occurred in an anaplastic thyroid tumor patient who exhibited a partial response (69% reduction) that was durable for 18 months. NF-kB is a common point of convergence for many oncogenic signaling pathways involved in thyroid carcinogenesis, and the NF-kB pathway has been shown to be constitutively active in primary human anaplastic thyroid cancers (26, 27) . The potent inhibitory effect of bardoxolone methyl on the NF-kB pathway may have contributed to the partial response observed. Modulation of the NF-kB and cyclin D1 were seen in the 40 mg dose implying that even at the 40 mg dose there is biologic activity, which is consistent with the improvement in eGFR seen in doses as low as 25 mg/d in later studies in chronic kidney disease. One limitation of the study was the optional nature of the biopsies, which limited the number of samples.
Prolonged stable disease of 4 or more months was observed in 10 patients, including 5 melanoma patients and 2 renal cell carcinoma patients. The prolonged period of stable disease in these patients may be attributed to the inhibitory effect of bardoxolone methyl on NF-kB and its downstream target iNOS (28) . Constitutively activated NFkB induces iNOS in melanoma cell line (29) , and iNOS has been implicated as an indicator of poor prognosis in melanoma and a possible target for therapy (30) . Nitric oxide (NO) and ROS also play an important role in tumormediated immune suppression (31) . In this study, NQO1 Figure 3 . A, waterfall plot of best response of 44 patients who received bardoxolone methyl. Best overall response was categorized as progressive disease (black bars), stable disease (blue bars), partial response or complete response (both red bars). "c" represents patients who exhibited clinical progression but were not restaged by RECIST/WHO. B, images of a patient with anaplastic thyroid cancer who responded to bardoxolone methyl after cycle 2 (best response À69%) and stayed on protocol for 18 months. Left panel is the image taken at baseline; right panel is the image of the same patient taken after two cycles of treatment. levels in PBMCs were significantly increased after treatment with bardoxolone methyl, showing that the Nrf2 pathway was activated and thus bardoxolone methyl has the potential to reduce ROS and NO and to restore immune surveillance. In this regard, bardoxolone methyl has been shown to abrogate the tumor-suppressive activity of MDSCs and inhibit tumor growth in mice in a manner that is dependent on the immune system (17) . Therefore, in addition to suppression of NF-kB and JAK/STAT signaling, inhibition of ROS and NO may contribute to the prolonged stable disease observed in several patients.
A retrospective analysis of measurements of serum creatinine, which were collected as a standard safety measure, indicated that eGFR improved in many patients. Despite excluding patients with serum creatinine of more than 2.0 mg/dL, the average eGFR at enrollment was modestly below normal. Surprisingly, the observed reductions in serum creatinine suggested a possible beneficial effect of bardoxolone methyl on measures of kidney function. Many factors that contribute to the development of chronic kidney disease, such as hyperglycemia and activation of the renin-angiotensin system (RAS), stimulate proinflammatory signaling pathways resulting in the production of ROS (32) (33) (34) . Markers of oxidative stress have been shown to positively correlate with chronic kidney disease stage, suggesting that the production of ROS contributes to renal pathology (35) (36) (37) . Bardoxolone methyl activates the Nrf2 pathway in cultured renal cells and in mouse kidney tissues (38) ; therefore, induction of antioxidant enzymes by Nrf2 may reduce ROS in renal tissue and improve renal function. Based on the eGFR effects observed in this trial, 2 additional trials were designed to assess the effect of bardoxolone methyl in patients with type 2 diabetes and chronic kidney disease. Significant increases in eGFR were observed following treatment with bardoxolone methyl in both trials (39, 40) .
In conclusion, the crystalline formulation of bardoxolone methyl was well tolerated at 900 mg/d, with the primary DLT being reversible elevation of serum ALT. The pharmacokinetic activity of bardoxolone methyl is characterized by slow oral absorption, a relatively long biological half-life, nonlinearity, and high interpatient variability.
Pharmacodynamic analyses showed that bardoxolone methyl activates Nrf2 (NQO1) in PBMCs and inhibits NF-kB and cyclin D1 in tumor biopsies. The improvement in creatinine clearance suggests a possible role for bardoxolone methyl in treating chronic kidney disease in addition to cancer. Clinical activity was observed in a variety of tumor types, supporting continued study to evaluate the activity of other synthetic triterpenoids.
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